Therapeutic DNA vaccines against oncogenic infection with human papillomavirus type 16 (HPV16) are mostly targeted against viral oncoproteins E7 and E6. To adapt the E7 oncoprotein for DNA immunization, we have previously reduced its oncogenicity by modification of the Rb-binding site and enhanced immunogenicity of the modified E7GGG gene by the fusion with the 5'-terminus of the gene encoding E. coli ß-glucuronidase (GUS). In this study, we attempted to improve immunogenicity of the GUS-based anti-E7 vaccines by increasing the steady-state level of fusion proteins. We fused deletion mutants of E7GGG and codon-optimized E7GGG with the 5'-terminus of GUS and unaltered E7GGG with the 3'-terminus of GUS. Furthermore, we mutated the initiation codon of the GUS gene in the E7GGG.GUS construct, as GUS alone was produced from this fusion gene. We found that only the fusion of E7GGG with the 3'-terminus of GUS (GUS.E7GGG) and deletion mutants of E7GGG with the 5'-terminus of GUS increased the steady-state level of fusion proteins in transfected human 293T cells. Analysis of immune reactions induced in mice by vaccination via a gene gun showed that the increased steady-state level of fusion proteins resulted in augmented production of E7-specific antibodies, but did not enhance cellmediated anti-tumor immunity. Finally, we joined the signal sequence of the adenoviral E3 protein with GUS.E7GGG. This modification led to the predominant localization of the fusion protein in the endoplasmic reticulum and enhancement of CD8 + T-cell response, while antibody production was reduced. In conclusion, we found modifications of the E7GGG.GUS fusion gene that augmented either humoral or cell-mediated immune responses.
Introduction
Vaccination with plasmid DNA is a rapidly developing method for induction of immune responses. It was proved to induce both humoral and cell-mediated immunity, but the level of the immune responses was often unsatisfactory in comparison with traditional vaccination strategies. The efficacy of DNA vaccines can be enhanced by modifications of a gene coding for an antigen. These modifications include changes resulting in the increase of protein production or the alteration of protein stability and/or cellular localization (1) .
The E7 oncoprotein of human papillomavirus type 16 (HPV16) is a suitable target for development of therapeutic DNA vaccines against malignant diseases associated with HPV16 infection (2) . As it is only a weak immunogen, numerous modifications of the E7 oncogene were constructed and their immunogenicity was examined on mouse tumor models. Some of them have already been tested in clinical trials (3) . Enhanced immunity against E7 was demostrated for instance after codon optimization of the E7 sequence (4), addition of intracellular localization signals (5) , and fusion with genes encoding chaperones (6) , bacterial toxins (7) or viral proteins capable of intercellular spreading (8) .
As oncogenicity is a characteristic of the HPV16 E7 gene inconsistent with its use for DNA immunization of humans, we have reduced its tumorigenic potential by the preparation of the modified E7GGG gene encoding the protein with substitution of three amino acids in the pRb-binding site (9) . To enhance immunogenicity of E7GGG, we fused it with sorting signals of lysosome-associated membrane protein 1 (LAMP-1) (10), E. coli ß-glucuronidase (GUS) (11) , and mouse heat shock protein 70 (Hsp70) (12) . As the fusion with GUS (E7GGG.GUS) yielded the highest anti-tumor efficacy, we performed further modifications to enhance its immunogenicity. In this study, we demonstrated that stabilization of the fusion protein increases the generation of E7specific antibodies, but only targeting into the endoplasmic reticulum (ER) enhances cell-mediated immunity and antitumor effect of the DNA vaccine delivered by a gene gun.
Materials and methods
Plasmids. The construction of plasmids pBSC/GUS, pBSC/ E7GGG.GUS, and pBSC/E7GGGpGUS (designated pBSC/ E7GGG41.GUS in this report) was described previously (11) . To perform some of the modifications specified below, the genes GUS and E7GGG.GUS were cloned into the EcoRI site of pALTER-MAX (Promega, Madison, WI). The modified genes were then cloned back into the EcoRI site of pBSC.
The genes E7GGG60.GUS and E7GGG75.GUS were prepared from the GUS gene by addition of a sequence encoding 60 or 75 amino acids from the N-terminus of the E7GGG protein, respectively. These sequences were amplified from the plasmid pBSC/E7GGG (9) using the forward primer E7-1 (11) and the reverse primer E7-60 (5'-CCAGGATCCC TTGCAACAAAAGGTTACAAT-3') or E7-75 (5'-CCAGGA TCCGTCTACGTGTGTGCTTTGTA-3'), respectively. The PCR products were digested with BamHI and cloned into the BamHI site upstream of the GUS gene.
The termination codon of the GUS gene was eliminated and the HindIII site was created using the Altered Sites II Mammalian Mutagenesis System (Promega) and the primer 5'-CAGGAGAGTTGTTGAAGCTTGTTTGCCTCCCTG-3' (substituted nucleotides are underlined). Into the HindIII site, the E7GGG gene was inserted after amplification with the primers 5'-CACAAGCTTTGATGCATGGAGATACACC TAC-3' (forward) and 5'-CACAAGCTTTTATGGTTT CTGAGAACAGAT-3' (reverse) which resulted in the GUS.E7GGG gene. To prepare the SS.GUS.E7GGG gene containing the signal sequence from the adenoviral E3 gene, annealed oligonucleotides 5'-GATCCGCCGCCATGAGGT ACATGATTTTAGGCTTGCTCGCCCTTGCGGCAGTCT GCAGCGCTGCCG-3' and 5'-GATCCGGCAGCGCTGCAG ACTGCCGCAAGGGCGAGCAAGCCTAAAATCATGTA CCTCATGGCGGCG-3' were cloned into the BamHI site upstream of the GUS.E7GGG gene.
The initiation codon of the GUS gene was eliminated and the XhoI site was created in the resultant EGUS gene using the Altered Sites II Mammalian Mutagenesis System and the primer 5'-TTCTACAGGACGTAACTCGAGGGACT GACCACC-3' (substituted nucleotides are underlined). This modification was also performed in the E7GGG.GUS gene (E7GGG.EGUS).
The E7GGG gene optimized for expression in human cells (hE7GGG; the GenBank accession no. EU443245) was designed and synthesized by GeneArt (Regensburg, Germany). The sequence was amplified using the primers 5'-TTCCGGA TCCATCATGCATGG-3' (forward) and 5'-CATGCATGGG ATTAGGATCC-3' (reverse) and cloned into the BamHI site upstream of the GUS gene (hE7GGG.GUS).
The modified constructs were verified by sequencing. pBSC-derived plasmids were propagated in E. coli, XL1-blue strain, and purified with the Qiagen Plasmid Maxi Kit (Qiagen, Hilden, Germany).
Mice. Six-to eight-week-old female C57BL/6 mice (H-2 b ) (Charles River, Germany) were used in immunization experiments. Animals were maintained under standard conditions at the Center for Experimental Biomodels, Charles University, Prague.
Cell lines. TC-1 cells prepared by transformation of C57BL/6 primary mouse lung cells with the HPV16 E6/E7 oncogenes and activated H-ras (13) were kindly provided by T.-C. Wu. TC-1/A9 cells with down-regulated MHC class I expression were derived from TC-1 cells that formed a tumor in the mouse immunized against the HPV16 E7 antigen (10) . 293T cells derived from human embryonic kidney cells (14) were kindly provided by J. Kleinschmidt, DKFZ, Heidelberg, Germany. NIH 3T3 fibroblasts established from mouse embryo culture (15) were obtained from the German National Resource Centre for Biological Material. TC-1, TC-1/A9, and 293T cells were grown in high glucose Dulbecco's modified Eagle's medium (DMEM; PAA Laboratories, Linz, Austria) supplemented with 10% fetal calf serum (FCS; PAA), 2 mM L-glutamine, 100 U/ml penicillin, and 100 μg/ml streptomycin. NIH 3T3 cells were cultured in high glucose DMEM supplemented with 10% calf serum (PAA), 2 mM L-glutamine, 100 U/ml penicillin, and 100 μg/ml streptomycin.
Analysis of GUS activity. The enzymatic activity of GUS was determined after transfection of 293T cells with corresponding plasmids as described previously (11) . In brief, cells were transfected by modified calcium-phosphate precipitation in HEPES-buffered saline solution (16) , incubated for 2 days, and lysed in the GUS buffer (50 mM phosphate buffer, pH 7.0, 1 mM EDTA, 10 mM ß-mercaptoethanol, 0.1% Triton X-100). GUS activity was assayed with the 4-methylumbelliferyl-ß-D-glucuronide (MUG) substrate. Protein concentration was measured according to Bradford (17) .
Immunoblotting staining. 293T cells seeded in 6-cm dishes were transfected with 6 μg of plasmids by calcium-phosphate precipitation in HEPES-buffered saline solution. Two days after transfection, the cells were washed twice with ice-cold PBS and lysed in the GUS buffer or Laemmli buffer. Proteins separated by SDS-PAGE were electroblotted onto a PVDF membrane (Amersham Biosciences, Little Chalfont, UK), incubated with polyclonal anti-GUS antibodies (Molecular Probes, Eugene, OR) and, subsequently, with secondary peroxidase-labeled antibodies (Amersham Biosciences). Blots were stained using the ECL Plus system (Amersham Biosciences).
Pulse-chase analysis of protein stability. 293T cells grown in 15-cm dishes were transfected with 30 μg of plasmids by calcium-phosphate precipitation in HEPES-buffered saline solution. One day after transfection, 2x10 6 cells were seeded in 6-cm dishes. The next day, the cells were starved in methionine/cysteine-free DMEM supplemented with 5% dialyzed FCS (PAA) for 1 h and incubated with 35 S-labeled methionine/cysteine (100 μCi/ml in DMEM with 5% dialyzed FCS; GE Healthcare). After washing with PBS, the cells were cultured in DMEM supplemented with 1 mM methionine and 0.5 mM cysteine for indicated time intervals and lysed in the RIPA buffer with a protease inhibitor cocktail (Sigma, Saint Louis, MO) added. The E7-containing fusion proteins were immunoprecipitated using anti-E7 monoclonal antibody (clone TVG710Y; Santa Cruz Biotechnology, Santa Cruz, CA) and protein G PLUS-Agarose (Santa Cruz Biotechnology) and separated by SDS-PAGE. The dried gels were exposed to the Fuji BAS-MS imaging plate and luminescence was measured by the Fuji FLA 2000 phosphorimager (Fujifilm, Stamford, CT) and analyzed with ScanPack 3.0 software (Biometra, Goettingen, Germany).
Immunofluorescence staining. NIH 3T3 cells were grown on coverslips in 24-well plates and transfected with 0.5 μg plasmids using the Metafectene transfection reagent (Biontex, Martinsried/Planegg, Germany). Two days after transfection, cells were fixed in methanol for 10 min at -20˚C. The E7 antigen was stained with E7-specific mouse monoclonal antibody (clone 8C9; Zymed, San Francisco, CA) followed by Alexa Fluor 488-conjugated goat anti-mouse IgG antibodies (Molecular Probes). Simultaneously, the ER or the Golgi apparatus (GA) were stained with rabbit anti-calreticulin or anti-GM130 antibodies (both Santa Cruz Biotechnology), respectively, and secondary Alexa Fluor 546-conjugated goat anti-rabbit IgG antibodies (Molecular Probes). The slides were examined by a Leica TCS SP2 AOBS confocal microscope, images were processed by Leica Confocal Software (Leica Microsystems, Germany).
Preparation of gene gun cartridges. Plasmid DNA was coated onto 1-μm gold particles (Bio-Rad, Hercules, CA) as described previously (9) . Each cartridge contained 0.5 mg of gold particles coated with 1 μg DNA.
Immunization experiments. Mice were immunized with plasmids by a gene gun (Bio-Rad) at a discharge pressure of 400 psi into the shaven skin of the abdomen. Each immunization consisted of one shot delivering 1 μg of plasmid DNA. In immunization/challenge experiments, mice were vaccinated with two doses administered at a 2-week interval, and 2 weeks after the last vaccination the animals were challenged s.c. into the back with 3x10 4 TC-1/A9 cells suspended in 150 μl PBS. In therapeutic immunization experiments, mice were first inoculated with 3x10 4 TC-1 cells and immunized 3 and 10 days later. Tumor cells were administered under anesthesia with intraperitoneal etomidate (0.5 mg/mouse; Janssen Pharmaceutica, Beerse, Belgium). Tumor growth was monitored twice a week. Tumor size was calculated from three perpendicular measurements using the formula:
ELISPOT assay. Mice were immunized by a gene gun with two doses of plasmids given at a two-week interval. Two weeks after the second dose, an ELISPOT assay was performed as described previously (11) . Cells producing interferon γ (IFN-γ) were detected in lymphocyte bulk cultures prepared from splenocytes of three immunized animals and cultivated with the HPV16 E7 49-57 peptide (RAHYNIVTF) for 20 h. Spots were evaluated by the Eli.Scan ELISPOT Scanner (A.EL.VIS, Hannover, Germany).
Intracellular cytokine staining (ICS).
Lymphocytes were prepared and cultivated with the E749-57 peptide as for an ELISPOT assay. Twelve hours before staining, GolgiStop (BD Biosciences Pharmingen, San Diego, CA) was added to the culture medium according to the manufacturer's instructions. Surface CD8 molecules were stained with PE-conjugated rat anti-mouse CD8a monoclonal antibody (BD Biosciences Pharmingen). Then, cells were fixed and permeabilized using the Cytofix/Cytoperm kit (BD Biosciences Pharmingen) and intracellular IFN-γ was stained with FITC-conjugated rat anti-mouse IFN-γ monoclonal antibody (BD Biosciences Pharmingen). The stained cells were measured on a Coulter Epics XL flow cytometer (Coulter, Miami, FL) and analyzed by FlowJo 7.1.2. software (TreeStar, Ashland, OR).
ELISA. Sera were collected from mice immunized for the ELISPOT assay and ICS. E7-specific antibodies were detected in sera diluted 1:50 by ELISA as described previously (12) .
Statistical analysis. Tumor formation in the immunization experiments was analyzed by a log-rank test. Tumor growth was evaluated by two-way analysis of variance. Results were considered significantly different at P<0.05. Calculations were performed using GraphPad Prism 4.0 software (GraphPad Software, San Diego, CA).
Results
Generation of deletion mutants of E7GGG.GUS and 3'terminus fusion GUS.E7GGG and characterization of their steady-state level production. At least in some conditions, cross-presentation of antigens seems to be the principal mechanism of induction of immune responses after DNA immunization with a gene gun (18) . Therefore, we tried to enhance the efficacy of the E7GGG.GUS vaccine by modifications of the fusion gene that could increase the steadystate level of resultant proteins. In our previous study, we showed that while fusion of the full-length E7GGG gene with GUS decreases the steady-state level of the GUS antigen about 10-fold, expression of the fusion gene E7GGG41.GUS containing 41 amino acids from the N-terminus of E7GGG is comparable with that of GUS alone (11) . As E7GGG41.GUS does not contain the H-2D b RAHYNIVTF epitope (aa 49-57), we constructed other two deletion mutants, E7GGG60.GUS and E7GGG75.GUS, comprising 60 and 75 amino acids from the E7GGG N-terminus, respectively (Fig. 1 ).
Stability and/or immunogenicity of fusion proteins can be influenced by position of fusion partners. This effect has also been demonstrated for the HPV16 E7 oncogene fused with the mouse Hsp70 gene (19) . To verify the position effect of the E7GGG fusion with GUS, we joined E7GGG with the 3'-terminus of GUS, thus generating the GUS.E7GGG gene (Fig. 1) .
We have demonstrated previously that fusion of E7GGG with GUS does not markedly affect the enzymatic activity of GUS (11) . Therefore, we measured the GUS activity to quantitatively compare the production of fusion proteins after transfection of 293T cells with pBSC-derived plasmids ( Fig. 2A) . We found that the steady-state level of the 5'terminus fusion proteins decreased with increasing the portion of E7GGG added to GUS. The main difference (corresponding to about 60% of the enzymatic activity of GUS alone) was found between the production of the proteins E7GGG60.GUS and E7GGG75.GUS. The GUS activity of GUS.E7GGG was about twice higher than that of E7GGG.GUS. These quantitative data were confirmed by immunoblotting analysis of cell lysates (Fig. 2B) .
Immunogenicity of deletion mutants and 3'-terminus fusion.
We examined immunogenicity of GUS fusion genes after DNA immunization of C57BL/6 mice by a gene gun. In our experimental setting, induction of E7-specific antibodies by E7GGG.GUS was negligible. All modified genes elicited higher production of antibodies against E7. The level of antibodies correlated with the steady-state level of protein production in transfected 293T cells (Fig. 3A) .
Cell-mediated immunity against E7 was tested by an ELISPOT assay detecting splenocytes that produced IFN-γ after restimulation with the H-2D b E7 49-57 epitope. The number of IFN-γ-producing cells after immunization with E7GGG.GUS was at least twice higher than after immunization with the modified fusion genes (Fig. 3B ). Furthermore, we examined the anti-tumor effect of the modified genes. For induction of s.c. tumors, we used TC-1 cells producing the E7 oncoprotein and their derivative with the reduced surface expression of MHC class I molecules, TC-1/A9 cells. In preventive immunization against TC-1/A9 cells, all mice developed a tumor with the exception of two animals immunized with the E7GGG.GUS gene (Fig. 3C ), which corresponds with the highest efficiency of this gene in the ELISPOT assay. In therapeutic immunization against TC-1 cells, both the E7GGG.GUS gene and the modified genes induced elimination of tumor cells in about half of mice ( Fig. 3D ). In summary, the increase in the steady-state level of the GUS fusion proteins enhanced the production of E7-specific antibodies, but did not improve the cytotoxic T-lymphocyte (CTL) response.
Subsequent modifications of E7GGG fusions with GUS: optimization of E7GGG, elimination of the GUS initiation codon and addition of a signal sequence. Codon optimization
can substantially increase the production of a protein. Such modification of the HPV16 E7 gene resulted in enhanced immune responses after DNA immunization (4, 20) . This effect was achieved even after fusion of the codon optimized E7 gene with the unmodified lysosome-associated membrane protein 1 (LAMP-1) (21) . Therefore, we joined the E7GGG gene optimized for expression in human cells (hE7GGG) with GUS, thus generating the hE7GGG.GUS gene. However, despite the fact that the hE7GGG gene produced about a 6-fold higher amount of the E7GGG protein in comparison with the E7GGG gene (data not shown), production of the E7GGG.GUS protein from the hE7GGG.GUS and E7GGG.GUS genes was comparable (Fig. 4A) .
After detection of the E7GGG.GUS protein with anti-GUS polyclonal antibody, we found a minor band corresponding in size with the GUS protein. We supposed that the translation of the E7GGG.GUS gene could occasionally start from the GUS initiation codon. To test this hypothesis and possibly increase the production of the E7GGG.GUS fusion protein, we mutated the GUS initiation codon, which resulted in the substitution of methionine for glutamic acid (E7GGG.EGUS). Similarly, we introduced this mutation into the GUS gene (EGUS). By using the GUS-specific antibodies, immunoblotting analysis of lysates from the transfected 293T cells showed that the mutation eliminated the production of the protein corresponding in size with the GUS protein from both of the mutated genes (Fig. 4B) . However, the steady-state level of the mutated E7GGG.EGUS protein was a bit lower than that of the E7GGG.GUS protein. Moreover, the GUS activity of E7GGG.EGUS was almost completely eliminated (Fig. 4A) . These data suggest that the enzymatic activity of the mutated protein was reduced by the modification of its conformation caused by the substitution of methionine for glutamic acid.
The efficacy of DNA vaccines can be enhanced by the alteration of antigen cellular localization. As addition of a signal sequence targeting a protein into the ER has been reported to increase immunogenicity of some cytoplasmic or nuclear proteins including the E7 protein (5, 22) , we joined the adenoviral E3 signal sequence with GUS.E7GGG (SS.GUS.E7GGG). This modification resulted in almost complete elimination of the GUS activity in lysates of the transfected 293T cells (Fig. 4A ). Immunoblotting analysis showed that while after lysis with the Laemmli buffer the level of the detected SS.GUS.E7GGG protein was comparable with that of the GUS.E7GGG protein, it was markedly reduced in the GUS lysis buffer (Fig. 4C) , which suggested localization of the SS.GUS.E7GGG protein into subcellular compartments. Furthermore, we tested possible secretion of the SS.GUS.E7GGG protein by determination of the GUS activity in media of the transfected cells. However, the enzymatic activity of SS.GUS.E7GGG was about 40-fold lower when compared with GUS.E7GGG (Fig. 4D) . The higher amount of GUS.E7GGG in the medium was confirmed by immunoblotting analysis (data not shown), which excluded the possibility that a post-translational modification caused the lower GUS activity of the SS.GUS.E7GGG protein. Furthermore, colocalization analysis demonstrated that while the E7-specific antibody diffusely stained the cytoplasm of the NIH 3T3 cells transfected with the GUS.E7GGG gene, the SS.GUS.E7GGG protein showed perinuclear staining and colocalization with calreticulin, a chaperone resident in the ER, but not with GM130, a marker of the GA (Fig. 5) .
Immunogenicity of hE7GGG.GUS, E7GGG.EGUS, and SS.GUS.E7GGG. Similarly to E7GGG.GUS, the modified genes hE7GGG.GUS, E7GGG.EGUS, and SS.GUS.E7GGG elicited a negligible production of E7-specific antibodies (data not shown). Examination of cell-mediated immunity by intracellular staining of IFN-γ in CD8 + T lymphocytes showed that only immunization with SS.GUS.E7GGG Figure 5 . Intracellular localization of SS.GUS.E7GGG. NIH 3T3 cells were transfected with plasmids pBSC/GUS.E7GGG or pBSC/SS.GUS.E7GGG and fixed with methanol 2 days thereafter. The E7 antigen was stained using anti-E7 monoclonal antibody (green). Simultaneously, the ER (A) or GA (B) were stained using polyclonal anti-calreticulin or anti-GM130 antibodies, respectively (red). The slides were examined by a confocal microscope. Figure 6 . Immunogenicity of the genes hE7GGG.GUS, E7GGG.EGUS, and SS.GUS.E7GGG. A, Mice (n=3) were twice immunized at a 2-week interval by a gene gun with 1 μg of plasmids and two weeks after the second immunization, lymphocyte bulk cultures were prepared from splenocytes. CD8 + lymphocytes producing IFN-γ were detected after incubation with the peptide RAHYNIVTF by ICS. Control lymphocytes were cultivated without the peptide. B, Mice (n=8) were inoculated s.c. with 3x10 4 TC-1 cells and immunized by a gene gun 3 and 10 days later. No. of mice with a tumor/no. of mice in group is indicated. enhanced this immune response in comparison with the original E7GGG.GUS gene (Fig. 6A ). Accordingly, after therapeutic vaccination against TC-1 cells, the growth of tumors in mice immunized with SS.GUS.E7GGG was significantly slower (P<0.001) compared with E7GGG.GUSimmunized animals (Fig. 6B ). In summary, localization of the fusion protein of E7GGG with GUS into the ER increased the CTL response, but did not affect the induction of antibodies against E7.
Fusion protein stability. Immunogenicity of DNA vaccines can be substantially influenced by the stability of the produced immunogens (23, 24) . As modifications of the E7GGG.GUS gene resulted in considerable differences in the steady-state level of the produced fusion proteins possibly caused by the alteration of protein stability, we compared the stability of the cytoplasmic proteins E7GGG.GUS, E7GGG60.GUS, and E7GGG.EGUS by pulse-chase labeling followed by the immunoprecipitation with anti-E7 monoclonal antibody. We found that the stability of these proteins corresponded with their steady-state level in transfected 293T cells (Fig. 7) . While the amount of the labeled E7GGG60.GUS protein did not recognizably decrease after 22-h chase, about a half of E7GGG.EGUS and 20% of E7GGG.GUS was degraded. Our data suggest that the stability of fusion proteins corresponded with the induction of E7-specific antibodies but we did not find any relation between the protein stability and cell-mediated immune responses.
Discussion
The rate of antigen synthesis is an important factor determining the efficacy of DNA vaccines. It can be affected by both the plasmid backbone and the sequence of the gene encoding the antigen (25) . Moreover, the steady-state level of an antigen in transfected cells can be increased by the stabilization of the antigen, which might enhance its cross-presentation. As cross-priming was identified as the predominant mechanism inducing a cytotoxic T-lymphocyte (CTL) response after DNA immunization by a gene gun (18) , we attempted to enhance the steady-state level of the HPV16 E7 antigen produced after DNA vaccination. We showed previously that the fusion of the E7 protein modified in the pRb-binding site (E7GGG) with the N-terminus of GUS (E7GGG.GUS) increased the steady-state level of the E7 antigen about 20-fold and substantially enhanced the efficacy of gene-gun DNA immunization (11) . To increase further the steady-state level of the E7 antigen, here we modified the E7GGG.GUS fusion gene by: i) the deletions of E7GGG portions encoding Cterminal amino acids, ii) the fusion of E7GGG with the 3' GUS terminus (GUS.E7GGG), iii) the codon optimization of E7GGG, and iv) the elimination of the GUS initiation codon. However, only deletion mutants and the GUS.E7GGG fusion led to increase in the E7 production. Moreover, none of the modifications improved the CTL response when compared with E7GGG.GUS, despite the fact that the augmented steady-state level of fusion proteins corresponded with the improvement of production of E7-specific antibodies, which suggested that a higher amount of the E7 antigen was released from transfected cells and thus E7 cross-priming might also be enhanced.
Codon optimization of E7GGG (hE7GGG) increased the E7GGG protein production about 6-fold, but we did not record any effect after the fusion of the codon-optimized E7GGG with GUS -both the production of the fusion protein and immune responses induced by gene-gun immunization were comparable with those of the E7GGG.GUS gene. We suppose that the translation of the non-optimized GUS part of the hE7GGG.GUS gene (that is about 6-fold longer than the hE7GGG part) suppressed the beneficial effect of E7GGG optimization.
The HPV16 E7 antigen is an unstable protein with a halflife of about 30-60 min (26, 27) . We have shown previously that the steady-state level of the E7 antigen can be substantially augmented by fusion of E7GGG with the N-terminus of GUS (11) , but induction of E7-specific antibodies was still negligible in our experimental setting. Only after further increase of the E7 antigen level achieved by the removal of E7GGG C-terminal amino acids from the E7GGG.GUS protein (i.e. in constructs E7GGG41.GUS, E7GGG60.GUS, and E7GGG75.GUS) or by fusion of E7GGG with the C-terminus of GUS, we elicited production of anti-E7 antibodies that corresponded with the steady-state level of the E7 antigen and the stability of the fusion proteins in transfected cells as demonstrated for E7GGG60.GUS. Antibodies against Figure 7 . Stability of proteins E7GGG.GUS, E7GGG60.GUS, and E7GGG.EGUS. 293T cells were transfected with pBSC-derived plasmids, starved in a methionine/cysteine-free medium for 1 h, and incubated with 35 S-labeled methionine/cysteine for 1 h. After cultivation in the medium containing methionine/cysteine for indicated time-points, the cells were lysed and the E7-containing fusion proteins were immunoprecipitated using anti-E7 monoclonal antibody and analyzed by SDS-PAGE and phosphorimaging (A). Protein quantification was performed using ScanPack 3 software. The data represent means of two independent experiments; bars ± SD (B).
E7 do not probably contribute to the protection against HPVassociated tumors, but stabilization of an antigen by fusion with GUS could be utilized for the induction of antibodies against other infectious agents or preparation of poly-or monoclonal antibodies.
Stability of the E7 antigen also affects induction of cellmediated immunity. For instance, the destabilization of the E7 antigen by the mutations in zinc-binding motifs (23) or the fusion with ubiquitin (28,29) significantly enhanced CTL responses. We prepared modifications of the E7GGG.GUS protein that are either more (E7GGG60.GUS) or less stable (E7GGG.EGUS) than the original protein. However, none of them induced a stronger CTL response. Our results are in accordance with the data reported by Golovina et al (30) who showed that while targeted degradation of an antigen substantially enhanced epitope production, misfolding of an antigen caused by a point mutation or deletion, did not impact on epitope production despite decreasing antigen stability.
Intracellular and extracellular targeting of antigens is another key factor influencing immunogenicity of DNA vaccines and modulating immune responses (1, 25) . Addition of a signal sequence targeting an antigen into the ER and possibly into a secretory pathway can enhance humoral and/or cell-mediated immune responses after DNA immunization. However, both cellular localization and the type of enhanced immune response after fusion with a signal sequence depend on the nature of the antigen (31, 32) . Addition of a signal sequence to the E7 oncoprotein probably resulted in E7 secretion and an improved E7-specific CTL response (5, 22) . Therefore, in the SS.GUS.E7GGG construct, we fused the signal sequence from the adenoviral E3 gene to the GUS.E7GGG gene. We showed that the protein produced from the SS.GUS.E7GGG gene accumulated in the ER and was not secreted from cells. In comparison with the E7GGG.GUS gene, SS.GUS.E7GGG did not enhance the production of E7-specific antibodies, but improved the anti-tumor effect mediated by CD8 + T lymphocytes. We suppose that the retrograde transport of the fusion protein from the ER into cytosol followed by degradation with proteasomes (32) could be responsible for the enhanced immunogenicity of SS.GUS.E7GGG.
In conclusion, we observed that the increase in the steadystate level of the GUS-based fusion proteins containing HPV16 E7-derived sequences augmented the production of antibodies against E7, but did not enhance CTL responses. Localization of the fusion protein into the ER had an opposite effect. These results further evoke the issue of the contribution of cross-priming versus direct priming to the induction of anti-tumor immunity with GUS-based DNA vaccines.
